Experimental Details
The set-up for laser micromachining consists of a UV laser source, beam focusing optics and an x-y motorized translation stage. Figure 1 is a schematic diagram illustrating the tilting of laser beam. The laser source is a third harmonic ND:YLF diode-pumped solid state (DPSS) laser manufactured by Spectra Physics.
Details of experimental set-up are reported in the reference [6] . The LEDs were fabricated using standard photolithography, dry etching and electron beam metal evaporation.
The emissive active area of individual LED chips is 500 µm x 500 µm. Oblique angle cutting was performed with a UV beam of 1 kHz repetition rate and 86 µJ pulse energy. Devices of ALED geometry were fabricated by applying four successive oblique cuttings onto the four sides of planar LED. SEM image of the fabricated ALED is shown in Figure 2 . Before depositing Silver (Ag) metal on oblique sidewalls of green and blue LED chips, the sapphire surface was coated with a layer of photoresist (PR) prior to the shaping into angled structure by laser micromachining. 
Results and Discussion
To evaluate the effect of mirror-coated inclined sidewall on LED performance, EL intensity with respect to driving current was investigated. The degree of inclination is defined as the interior angle between the surface and sidewall of the LED. The devices were mounted onto a rotational stage for angular intensity measurement in the range of -90 to 90 degrees, in steps of 2 degrees. Light signals were collected via an optical fiber and channeled into an optical spectrometer (Ocean Optics HR2000) for analysis.
Operation images of a cuboid LED and a mirror-coated ALED are shown in Figure 3 (a) and (b) respectively, while their L-I characteristics are plotted in Figure 4 . At 30 mA, the total output powers (measured with an integrating sphere) of the ALED and cuboid LED are 16 mW and 9.5 mW respectively, corresponding to an enhancement factor of 68%. Such significant improvement to light extraction efficiency highlights the effectiveness of geometrical chip-shaping, particularly with our approach based on laser micromachining. It is noted that the light output of the ALED begins saturating at I > 50mA; shaping the chip into pyramids leaves behind a reduced contact area with the package, diminishing thermal exchange. This is easily overcome by extending the coverage of the die-bonding epoxy to the inclined sidewalls. Figure 4 demonstrates how electroluminescence (EL) intensity of ALED varies with current, and notes the intensity enhancement over planar LED. The significant improvement in the light extraction efficiency of ALED with mirror coating is attributed to an effective alternation of propagation direction of photons, which are originally propagating laterally inside sapphire substrate, to upward direction of the chip. Thus, more photons are extracted and emitted from the top surface of ALED. Therefore, this approach can effectively modify the Lambertian emission pattern of a planar LED, and help to confine emission intensity in upward direction. 
Conclusions
ALED with mirror-coated inclined sidewall was fabricated by laser micromachining. Experimental results indicate that an enhanced improvement in the light extraction efficiency of ALED with inclined sidewall structure compared to planar LED. The enhancement of light extraction efficiency is attributed to the mirror-coated inclined sidewalls of ALED which redirect photons propagating in lateral direction of the sapphire substrate to upward direction.
